The fundamental surface chemistry underlying selectivity in copper chemical vapor deposition (CVD) from COD-Cu-hfac and Cu(hfac), has been determined. Both electronic and chemistry contributions strongly influence the precursor reactivity on oxide as compared to metal surfaces. These results have important implications regarding the role of surface preparation and cleaning for initiating and maintaining selective deposition.
The fundamental surface chemistry underlying selectivity in copper chemical vapor deposition (CVD) from COD-Cu-hfac and Cu(hfac), has been determined. Both electronic and chemistry contributions strongly influence the precursor reactivity on oxide as compared to metal surfaces. These results have important implications regarding the role of surface preparation and cleaning for initiating and maintaining selective deposition.
The utility of chemical vapor deposition (CVD) for growth of thin conformal films is becoming widely recognized in the semiconductor industry. One extremely desirable, and yet often elusive, goal of chemical vapor deposition is the ability to selectively deposit films on one area of a substrate leaving other regions free of deposition. Unfortunately, loss of selectivity is a common problem that often leads to significant growth of unwanted material and this has severely limited industrial use of selective processes. Understanding the underlying chemistry that governs the adsorption, reaction, and deposition of precursor molecules as well as the control of contamination that might affect selective growth are ultimately the key to making selective chemical vapor deposition processes truly manufacturable.
The goal of this work is to provide a fundamental understanding of some of the issues that determine the selective behavior of two related Cu CVD precursors. 1,5-cyclooctadiene-Cu(I)-hexafiuoroacetylacetonate (COD-Cuhfac) has been shown to successfully provide low resistivity copper CVD films at temperatures below 200 "C! via the bimolecular disproportionation reaction below:rl' 2COD-Cu-hfac -+ 2Cu (I) -hfac + 2COD t (30 "C!) on metal surfaces,
While selective deposition from COD-Cu-hfac on metals relative to oxides has been observed,' loss of selectivity is common and under some conditions no selectivity is observed.3 Several related Cu( I)-hfac precursors have also shown differing levels of selective deposition behavior.4*5 Cu( II) bis-hexafluoroacetylacetonate [Cu( hfac),] is also known to provide clean Cu films abeit at higher temperatures and In the presence of H2 and selective deposition is observed on metals relative to oxides. We will describe in this letter our observations of both electronic and chemical contributions to selectivity in Cu CVD. Using x-ray photoelectron spectroscopy (XPS), COD-Cu-hfac and Cu(hfac), are found to absorb on both metal (Ag) and oxide (SiO,) surfaces, however, the reac-')Present address: IBM General Technology Division, 1000 River Road, Essex Junction, VT 05452.
tions that take place on these surfaces are shown to be quite different thus explaining their selective behavior. The experimental procedures used to prepare the Ag substrates and perform the adsorption experiments have been previously described.2 RCA cleaned6 Si substrates which have a thin 10-12 A chemical oxide surface layer were used as substrates. These samples were cleaned in a UV/ozone chamber immediately prior to loading into vacuum so as to remove any surface hydrocarbon species. This process has been found to terminate the Si02 surface with Si-OH groups.7 The room-temperature Ag and Si02 substrates were exposed to 1 X 10 -3 Torr of the precursor for 5 min. Some x-ray induced decomposition was observed during XPS analysis of Cu(hfac)z adsorbed on Si02 as discussed below. This effect was minimized by operating the x-ray source at low power ( 10 kV, 10 mA).
It has already been shown that both the COD-Cu-hfac ' and Cu (hfac) 2 precursors adsorb on Ag forming a Cu (I) -hfac surface intermediate.2 This activated surface complex subsequently reacts to deposit Cu metal either by a disproportionation reaction for COD-Cu-hfac [Eq. ( 1 )] or via H, reduction for C!u( hfac)Z.2 Quite surprisingly, however, very different chemistry is seen for adsorption of both precursors on SiO,. This is illustrated for COD-Cu-hfac in Fig. 1 . The three peaked C 1s spectrum for COD-Cu-hfac adsorption on Ag [ Fig. 1 (a) ], is characteristic of the C-F, CZZO, and C-H components of the intact hfac ligand. In contrast, a single C 1s feature at 283.0 eV is seen after adsorption of COD-Cu-hfac on SiO> Thus, no intact hfac ligand is observed on the Si02 surface. While the 283.0-eV peak could be characteristic of either adsorbed COD or some other impurity hydrocarbon species, these two possibilities cannot be definitively distinguished with XPS. Clearly, COD-Cu-hfac adsorbs as a very different surface complex on Ag and SiO, surfaces.
This difference is further illustrated by the Cu LMM Auger lines in Fig. 2 . The Cu 2p and Cu LMM Auger lines for COD-Cu-hfac on Ag suggest the presence of a Cu( I) atom that is strongly electronically coupled to the Ag substrate.2 In contrast, there is an -5-eV shift to lower kinetic energy of the Cu LMM Auger line for COD-Cuhfac on SiO,. (This shift is not due to charging since there is only a 1-eV change in binding energy of the Cu 2p line.) This data suggests that there is very little electron transfer from the substrate to the adsorbed Cu atom; the two hole Auger final state is difficult to neutralize due to the absence of free electrons in the SiO,, thereby causing the Auger line to have a low kinetic energy relative to Cu metal or Cu20. This is similar to the effects seen in the Cu LMM Auger lines for Cu(I)-benzotriazole films where the Cu(1) atom is in an electrically insulating environment. ' Thus, in contrast to the reaction on Ag, our data sug- gests that the COD-Cu-hfac molecule adsorbs by a direct substitution reaction in which the Cu( I) atom replaces a surface proton: COD-Cu-hfac + Si-OH-SiO -Cu(I)Y + hfac-Hf . (2) Since the hfac ligand had lost a proton upon binding to the Cu(1) ion in the COD-Cu-hfac molecule, it can only desorb from the surface after protonation to form a hfac-H volatile species. Y is either the COD ligand or some adsorbed impurity hydrocarbon species. The Cu atom remains in a Cu(1) oxidation state and is stabilized by the lack of electron density in the SiOZ substrate, thereby making subsequent reaction to form Cu metal less likely. Since no surface hfac is present, reduction to Cu metal via a disproportionation reaction [Eq. (lb) ], such as is found on a metallic surface, is not possible.
Adsorption of Cu(hfac)2 on Si02 also leads to a dramatically different surface intermediate than is seen when this precursor adsorbs on Ag. While the Cu(I1) atom is reduced immediately to Cu(1) on Ag,' adsorption of Cu(hfac), on Si02 gives a signature characteristic of the Cu(I1) atom. As illustrated in Fig. 3 , the distinct multielectron satellites which are present -10 eV to higher binding energy of the main Cu 2p lines for Cu( II) in CuO (which are due to the presence of the unfilled d9 shell) 9 are also seen for Cu( hfac), on SiO,. These peaks at -936 and -944 eV provide direct evidence of the presence of Cu( II). Unfortunately, since Cu (II) can be quite unstable under extended x-ray exposure, the Cu( hfac)2 molecule decomposes with time as indicated by the presence of the shoulder at -933 eV. With time, this peak dominates the data indicating the Cu( hfac) 2 molecule has decomposed; very little quantitative information is therefore available on the C Is, 0 Is, and F 1s peaks since their intensities change as the experiment progresses. Nonetheless, the presence of the Cu(I1) signature peaks suggests that, in contrast to its reaction on Ag, Cu(hfac), adsorbs as an intact molecule on Si02
This data suggests that selectivity in Cu CVD is due to a difference in surface reactions of the precursors on oxide as compared to metal surfaces. This is in contrast to the lack of adsorption on oxide seen, e.g., in tungsten selective CVD." While on metal (Ag) surfaces, the COD-Cu-hfac and C~(hfac)~ precursors are activated towards reduction to Cu metal, this reaction is prevented on SiOz.
There are both electronic and chemical contributions to this selective reactivity. While an activated, electronrich Cu(I) atom is formed by adsorption of either precursor on Ag,2 the Cu atom is much more highly oxidized on SiOz. The lack of available electron density on SiO, stabilizes the precursor Cu atom in a less reactive state thus making reduction to Cu metal less favored. Interestingly, electronic structure effects are also implicated in selective CVD of Al from tri-isobutyl-aluminum (TIBA) where fihydride elimination is incomplete on oxide surfaces. '1,'2 The chemical influence on selectivity is apparent for CODCu-hfac adsorption on SiOz. The presence of surface Si-OH groups provides a reaction pathway to loss of surface hfac. This step prevents further reaction of the surface Cu (I) via Eq. ( lb) since no volatile Cu( II) molecule can be formed. For Cu(hfac), adsorption, the role of the surface Si-OH groups should also be considered and may influence the structure of the adsorbed Cu( hfac)2 molecule as has been suggested for similar Cu (II) precursors. l3
Our results suggest several possible channels for selectivity loss in Cu CVD. For both COD-Cu-hfac and Cu (hfac) 2, any electrically conducting path through or on the oxide surface could act as a nucleation site thereby assisting in the activation of the Cu atom towards reduction. This could be induced by a poor electrical quality oxide or by pinholes which expose the metallic substrate or by the introduction of conducting metallic or organic impurities onto oxide surfaces. For example, while ion sputtering might seem to be an attractive method for removing thin oxides from metallic surfaces, this technique might work poorly on patterned wafers due to sputtering of metallic impurities onto insulating oxides. Furthermore, the surface concentration of Si-OH groups could vary significantly depending upon the chemical cleaning and heat treatments to which the oxide has been exposed thus leading to differences in surface reactivity.
Poor nucleation of Cu CVD films on metal surfaces can also be understood based on our results. Any nonconducting impurity such as hydrocarbons or thin oxides could hinder the initial reaction of these precursors on a nominally metallic conducting substrate. This explains why a H, preclean (which removes nonconducting copper oxides14) is critical in obtaining reproducible nucleation of Cu(hfac), on Cu surfaces. Inconsistent literature results on selectivity may also be partially related to differences in substrate preparation." 3'4"5-'7 More precise control of surface conditions (perhaps via integrated processing) could significantly improve nucleation and growth on clean metal surfaces relative to oxides. Finally, tailoring of selectivity loss via introduction of an electron source*' or other gasphase molecular excitation (heat) I9 could enhance deposition on oxides when that is required.
In summary, selectivity in Cu CVD from COD-Cuhfac and Cu( hfac), is found to be due to differences in surface reactions on oxide vs metal as opposed to a lack of precursor adsorption on the oxide. The selective reactions are strongly influenced by both electronic and chemical contributions. The importance of sample preparation procedures must be underscored, as small changes in surface chemistry could severely impact the ability to initiate and maintain these selective reactions.
